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1
BULK ACOUSTIC WAVE RESONATOR AND
MANUFACTURING METHOD THEREOF,
AND RADIO FREQUENCY DEVICE USING
BULK ACOUSTIC WAVE RESONATOR

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This application claims the benefit under 35 USC §119(a)
of Korean Patent Application No. 10-2011-0130902, filed on
Dec. 8, 2011, in the Korean Intellectual Property Office, the
entire disclosure of which is incorporated herein by reference
for all purposes.

BACKGROUND

1. Field

The following description relates to a bulk acoustic wave
resonator (BAWR).

2. Description of Related Art

A bulk acoustic wave resonator (BAWR) includes elec-
trodes that are typically disposed on and/or below a piezo-
electric layer. In response to a high frequency signal being
applied to the electrodes, the piezoelectric layer may oscil-
late.

The BAWR may be used for a wireless signal transferring
system. For example, the BAWR may be used in a wireless
communication device, a wireless power transmitter, a filter
of'a wireless sensor, a transmitter, a receiver, a duplexer, and
the like. As another example, the BAWR may be used for
input and/or output of wireless data.

Studies on a radio frequency (RF) device that may secure a
low power and a high speed are being conducted. Accord-
ingly, a BAWR that may be used in such low power and high
speed device is desirable.

SUMMARY

In an aspect, there is provided a bulk acoustic wave reso-
nator (BAWR), including a membrane disposed on an air
cavity, a first electrode disposed on the membrane, a piezo-
electric layer disposed on the first electrode, and a second
electrode disposed on the piezoelectric layer, wherein at least
one of the first electrode, the piezoelectric layer, and the
second electrode comprise a carbon-based material.

The carbon-based material may comprise a carbon nano
tube (CNT), a CNT compound, graphene, and a graphene
compound.

The graphene may be disposed as a single layer or a multi-
layer.

The BAWR may further comprise a protective layer that is
disposed on the second electrode to protect the second elec-
trode from an external environment.

The BAWR may further comprise a temperature coefficient
of frequency (TCF) compensation layer to compensate for a
TCF of the first electrode, the piezoelectric layer, and the
second electrode, wherein the TCF compensation layer com-
prises a carbon-based material.

The TCF compensation layer may be disposed below the
membrane or on the second electrode.

The TCF compensation layer may be disposed between the
first electrode and the membrane.

The BAWR may further comprise an insulating layer that is
disposed between the first electrode and the TCF compensa-
tion layer to separate electrical characteristics of the first
electrode and the TCF compensation layer.
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The BAWR may further comprise an insulating layer that is
disposed between the second electrode and the TCF compen-
sation layer to separate electrical characteristics of the second
electrode and the TCF compensation layer.

The BAWR may further comprise a TCF compensation
layer to compensate for a TCF of the first electrode, the
piezoelectric layer, and the second electrode, wherein the
TCF compensation layer comprises a carbon-based material
and is disposed on or below the protective layer.

In an aspect, there is provided a radio frequency (RF)
device including a bulk acoustic wave resonator (BAWR), the
RF device including a first substrate, a first BAWR compris-
ing a first air cavity formed on the first substrate, and a first
lower portion electrode, a first piezoelectric layer, and a first
upper portion electrode which are layered on the first air
cavity, and a second BAWR comprising a second air cavity
formed on the first substrate, and a second lower portion
electrode, a second piezoelectric layer, and a second upper
portion electrode which are layered on the second air cavity,
wherein at least one of the first lower portion electrode, the
first piezoelectric layer, the first upper portion electrode, the
second lower portion electrode, the second piezoelectric
layer, and the second upper portion electrode comprises a
carbon-based material.

The carbon-based material may comprise a carbon nano
tube (CNT), a CNT compound, graphene, and a graphene
compound.

The RF device may further comprise a second substrate
comprising an air cavity formed on a predetermined area of a
lower surface and connected to the first substrate.

The RF device may further comprise a protective layer
layered below the via-holes and the first substrate, and a
package electrode layered below the protective layer.

The package electrode may comprise at least one of a CNT,
a CNT compound, graphene, and a graphene compound.

The RF device may further comprise via-holes formed at
locations on the first substrate, the locations corresponding to
apredetermined area of the first lower portion electrode and a
predetermined area of the second upper portion electrode.

The RF device may further comprise a package electrode
layered below the via-holes and the first substrate, wherein
the first substrate has a high resistance characteristic, and a
protective layer layered below the package electrode.

The protective layer may comprise at least one of a carbon
nano tube (CNT), a CNT compound, graphene, and a
graphene compound.

In an aspect, there is provided a method of manufacturing
a bulk acoustic wave resonator (BAWR), the method includ-
ing layering a silicon oxide layer, a silicon nitride layer, and a
sacrificial layer sequentially on a substrate, patterning the
sacrificial layer to correspond to a shape of an air cavity,
layering a silicon oxide layer, a silicon nitride layer, and a first
conductive layer, sequentially on the patterned sacrificial
layer, patterning a first electrode on the first conductive layer,
layering a piezoelectric layer and a second conductive layer,
sequentially on the first electrode, patterning a second elec-
trode on the second conductive layer, layering a protective
layer on the second electrode, and forming the air cavity by
removing the sacrificial layer based on the patterning of the
sacrificial layer, and forming via-holes by etching locations
on the substrate, the locations corresponding a predetermined
area of the first electrode and a predetermined area of the
second electrode, wherein at least one of the first conductive
layer, the piezoelectric layer, and the second conductive layer
comprises a carbon-based material.

The method may further comprise evaporating a protective
layer below the via-holes, evaporating, below the protective
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layer, a conductive layer formed of a carbon-based material,
and forming an electrode pad by patterning the conductive
layer.

The method may further comprise evaporating, below the
via-holes, a conductive layer formed of a carbon-based mate-
rial, wherein the substrate has a high resistance characteristic,
and forming an electrode pad by patterning the conductive
layer.

Other features and aspects may be apparent from the fol-
lowing detailed description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating a cross-sectional view of an
example of a bulk acoustic wave resonator (BAWR).

FIG. 2 is a diagram illustrating an example of a BAWR.

FIG. 3 is a diagram illustrating another example of a
BAWR.

FIG. 4 is a diagram illustrating
BAWR.

FIG. 5 is a diagram illustrating
BAWR.

FIG. 6 is a diagram illustrating
BAWR.

FIG. 7 is a diagram illustrating
BAWR.

FIG. 8 is a diagram illustrating
BAWR.

FIG. 9 is a diagram illustrating
BAWR.

FIG. 10 is a diagram illustrating a cross-sectional view of
an example of an RF device including a BAWR.

FIG. 11 is a diagram illustrating a cross-sectional view of
another example of an RF device including a BAWR.

Throughout the drawings and the detailed description,
unless otherwise described, the same drawing reference
numerals should be understood to refer to the same elements,
features, and structures. The relative size and depiction of
these elements may be exaggerated for clarity, illustration,
and convenience.

another example of a

another example of a

another example of a

another example of a

another example of a

another example of a

DETAILED DESCRIPTION

The following detailed description is provided to assist the
reader in gaining a comprehensive understanding of the meth-
ods, apparatuses and/or systems described herein. Accord-
ingly, various changes, modifications, and equivalents of the
methods, apparatuses, and/or systems described herein may
be suggested to those of ordinary skill in the art. Also, descrip-
tions of well-known functions and constructions may be
omitted for increased clarity and conciseness.

A BAWR may be used as a filter, a transmitter, a receiver,
a duplexer, and the like, for input and output of wireless data
in a wireless communication device. The number of types of
wireless devices is increasing, and thus, a number of fields to
which the BAWR may be applied is expanding. For example,
the BAWR may be included in a terminal such as a mobile
phone, a computer, a tablet, a sensor, an appliance, and the
like.

The BAWR may induce oscillation or waves of a predeter-
mined frequency using resonance. For example, the BAWR
may be used as a component in a radio frequency (RF) device,
such as, a filter and an oscillator.

In various examples, a BAWR may be levitated above a
substrate through an air cavity to improve an acoustic wave
reflection characteristic. For a BAWR that has a frequency
band-pass characteristic, a plurality of resonators may be
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4

disposed on a plane and the resonators may be connected to a
common electrode to improve a reflection characteristic or
transmission characteristic within a frequency band range.

A material used for an electrode of the BAWR may have a
high acoustic wave propagation speed, a low electric resis-
tance, a slight change in a heat characteristic, and the like.
Accordingly, metals such as molybdenum (Mo), ruthenium
(Ru), gold (Au), and the like, may be used for the electrode.

For example, an electrode included in a BAWR may be
manufactured to be a few thousands angstroms thick, based
ona designed frequency and a characteristic of the BAWR. As
athickness of the electrode is increased, an electric resistance
is reduced. However, as an acoustic wave propagation speed
increases, a loss of power may subsequently increase. If an
ambient temperature of the BAWR changes, a physical prop-
erty of each layer including the electrode may change and
thus, a heat characteristic may be deteriorated.

The BAWR may utilize an electrode, a piezoelectric layer,
and a temperature coefficient of frequency (TCF) compensa-
tion layer. In various aspects herein, one or more of the
electrode, the piezoelectric layer, and the TCF compensation
layer may be formed of a carbon-based material. For
example, the carbon-based material may include a carbon
nano tube (CNT), a CNT compound, graphene, a graphene
compound, and the like.

FIG. 1 illustrates a cross-sectional view of an example of a
BAWR.

Referring to FIG. 1, the BAWR includes a bulk acoustic
wave resonance unit 110, an air cavity 120, a protective layer
131, a via-hole 161, a via-hole 163, and a substrate 170.

In this example, the bulk acoustic resonance unit 110
includes a first electrode 112, a piezoelectric layer 113, and a
second electrode 114. The piezoelectric layer 113 is disposed
between the first electrode 112 and the second electrode 114.
The BAWR 110 may enable resonance in the piezoelectric
layer 113 based on a signal applied to the first electrode 112
and the second electrode 113, to generate a resonant fre-
quency and an anti-resonant frequency.

The bulk acoustic resonance unit 110 may use an acoustic
wave of a piezoelectric material. For example, if an RF signal
is applied to the piezoelectric material, mechanical oscilla-
tion may occur in a direction of a thickness of a piezoelectric
film so that an acoustic wave may be generated. For example,
the piezoelectric material may include zinc oxide (ZnO),
aluminum nitride (AIN), quartz, and the like.

Resonance may occur when half of a wavelength of the
applied RF signal is equal to a thickness of a piezoelectric
film. In response to the resonance occurring, an electrical
impedance of the BAWR may change sharply. In this
example, the BAWR may be utilized as a filter to select a
frequency. For example, a resonant frequency may be deter-
mined based on a thickness of a piezoelectric film, an elec-
trode enclosing the piezoelectric film, and an intrinsic elastic
wave speed of the piezoelectric film, and the like. The reso-
nant frequency may increase as the thickness of the piezo-
electric film becomes thinner.

In various aspects herein, at least one of the first electrode
112, the piezoelectric layer 113, and the second electrode 114
may be formed of a carbon-based material. For example, at
least one of the first electrode 112, the piezoelectric layer 113,
and the second electrode 114 may include CNT, graphene, a
CNT compound, a graphene compound, and the like. The
graphene may be used as a single layer or a multi-layer.

As an example, the first electrode 112 may be formed of a
carbon-based material or may be formed of a material such as
Zn0O, AIN, quartz, and the like. The second electrode 114 may
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be formed of a metal, for example, Mo, Ru, Al, platinum (Pt),
titanium (Ti), tungsten (W), palladium (Pd), chromium (Cr),
nickel (Ni), and the like.

The CNT may include a three-dimensional (3D) honey-
comb-shaped structure in which carbon atoms are connected
to each other in a hexagonal arrangement, and which are
formed of a film having a thickness in the range of atomic
units of length, and having a high conductivity and a high
mechanical strength.

As another example, graphene may include a two-dimen-
sional (2D) honeycomb shaped structure in which carbon
atoms are connected to each other in a hexagonal arrange-
ment, and which are formed by a film having a thickness in the
range of atomic units of length.

Referring again to FIG. 1, the first electrode 112 is disposed
onamembrane 111. The membrane 111 is disposed on the air
cavity 120. In this example, the membrane 111 may maintain
a shape of the air cavity 120. The membrane 111 supports a
structure of the bulk acoustic wave resonance unit 110.

A reflection of an acoustic wave generated from the bulk
acoustic wave resonance unit 110 may be improved through
use of the air cavity 120. For example, because an impedance
of'the air cavity 120 is substantially infinite, the acoustic wave
may not be lost in the air cavity 120, and thus, may remain in
the bulk acoustic resonance unit 110.

The air cavity 120 may be formed inside the substrate 170,
for example, by etching, or may be formed on the substrate
170 using a sacrificial layer patterned to correspond to the
shape of the air cavity 120.

The bulk acoustic wave resonance unit 110 also includes a
protective layer 115. The protective layer 115 is disposed on
the second electrode 114, so as to protect the second electrode
114 from being exposed to an external environment. The
protective layer 115 may be formed of an insulating material.
Examples of the insulating material include a silicon oxide-
based material, a silicon nitride-based material, an AIN-based
material, and the like. The protective layer 115 may be uti-
lized for adjusting a resonant frequency.

The other protective layer 131 may be used to prevent the
substrate 170 from being damaged during a process of gen-
erating the air cavity 120. For example, the air cavity 120 may
be formed by removing the sacrificial layer through gas which
is injected through a release hole (not illustrated). In this
example, the protective layer 131 may prevent the substrate
170 from being damaged by the injected gas.

The via-hole 161 and the via-hole 163 are formed at areas
of'the substrate 170, respectively. The via-hole 161 may pen-
etrate the substrate 170 and may be used as a path through
which the first electrode 112 is connected to an external
electrode. The first electrode 112 may be connected to the
external electrode through a conductive layer 141 layered on
the via-hole 161. For example, the first electrode 112 may be
connected to the external electrode through an electrode pad
151 of the conductive layer 141. An external signal may be
applied from the external electrode to the first electrode 112.
Accordingly, a signal output from the first electrode 112 may
be transferred to the external electrode through the electrode
pad 151.

The via-hole 163 may penetrate the substrate 170 and may
be used as a path through which the second electrode 114 is
connected to an external electrode. The second electrode 114
may be connected to the external electrode through a conduc-
tive layer 143 layered on the via-hole 163. For example, the
second electrode 114 may be connected to the external elec-
trode through an electrode pad 153 of the conductive layer
143. An external signal may be applied from the external
electrode to the second electrode 114. Accordingly, a signal
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6

output from the second electrode 114 may be transferred to
the external electrode through the electrode pad 153.

In various examples, the substrate 170 may be formed of
silicon or poly-silicon.

A protective layer 133 may be formed as an insulating
material on the conductive layer 141 so as to expose only a
predetermined area of the electrode pad 151 to an external
environment. A protective layer 135 may be formed as an
insulating material on the conductive layer 143 so as to
expose only a predetermined area of the electrode pad 153.
For example, at least one of the conductive layer 141, the
conductive layer 143, the protective layer 133, and the pro-
tective layer 135 may be formed of a carbon-based material.

A BAWR manufacturing method may layer a silicon-oxide
film, a silicon-nitride film, and a sacrificial layer, sequentially
on the substrate 170. A sacrificial material used for the sac-
rificial layer may include poly-silicon and a polymer. The
silicon-oxide film and the silicon-nitride film may be used for
forming the protective layer 131.

The BAWR manufacturing method may pattern the sacri-
ficial layer to correspond to the shape of the air cavity 120. For
example, the shape of the air cavity 120 may be set based on
a characteristic of the BAWR.

The BAWR manufacturing method may layer a silicon-
oxide film, a silicon-nitride film, and a first conductive layer,
sequentially on the patterned sacrificial layer. Here, the sili-
con-oxide film and the silicon-nitride film may be used for
forming the membrane 111. In this example, a carbon-based
material may be used for forming the first conductive layer.

The BAWR manufacturing method may pattern the first
electrode 112 on the first conductive layer. The BAWR manu-
facturing method may layer the piezoelectric layer 113 and a
two conductive layer, sequentially on the first electrode 112.
In this example, a carbon-based material may be used for
forming the piezoelectric layer 113 or the second conductive
layer. The BAWR manufacturing method may pattern the
second electrode 114 on the second conductive layer. The
BAWR manufacturing method may layer the protective layer
115 on the second electrode 114.

As another example, the BAWR manufacturing method
may form the air cavity 120 by removing the sacrificial layer
through the use of'a release hole based on the patterning of the
sacrificial layer.

The BAWR manufacturing method may etch locations on
lower surfaces of the substrate 170, the locations correspond-
ing to a predetermined area of the first electrode 112 and a
predetermined area of the second electrode 114, and may
form the via-hole 161 and the via-hole 163. Accordingly, the
first electrode 112 and the second electrode 114 may be
connected to an external electrode.

The BAWR manufacturing method may evaporate the pro-
tective layers 133 and 135 below the via-hole 161 and the
via-hole 163, and may evaporate the conductive layers 141
and 143 formed of a carbon-based material below the protec-
tive layer 131. The BAWR manufacturing method may pat-
tern the conductive layers 141 and 143 so as to form the
electric pads 151 and 153, respectively.

The BAWR manufacturing method may evaporate the pro-
tective layers 133 and 135 below the conductive layers 141
and 143, respectively. The BAWR manufacturing method
may evaporate the conductive layers 141 and 143 formed of a
carbon-based material below the via-holes 161 and 163,
respectively, when the substrate 170 has a high resonance
characteristic. Subsequently, the BAWR manufacturing
method may pattern the conductive layers 141 and 143 so as
to form the electrode pads 151 and 153, respectively.
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In various examples, the substrate 170 may have a high
resonance characteristic when the substrate 170 is formed of
poly-silicon.

FIG. 2 illustrates an example of a BAWR.

As described herein, TCF denotes a variance in a resonant
frequency within a temperature range in which the BAWR is
used. If a value of the TCF is close to zero, the variance in
frequency may be negligible.

Referring to FIG. 2, the BAWR includes a TCF compen-
sation layer 210, a protective layer 220, a second electrode
230, a piezoelectric layer 240, a first electrode 250, a mem-
brane 260, and a TCF compensation layer 270.

In this example, the TCF compensation layer 210 and the
TCF compensation layer 270 may be formed of a carbon-
based material. As an example, the TCF compensation layer
210 may be formed of CNT, and the TCF compensation layer
270 may be formed of a CN'T compound. The TCF compen-
sation layer 210 and the TCF compensation layer 270 may
compensate for TCFs of the protective layer 220, the second
electrode 230, the piezoelectric layer 240, the first electrode
250, and/or the membrane 260. For example, at least one of
the second electrode 230, the piezoelectric layer 240, and the
first electrode 250 may be formed of a carbon-based material.

The TCF compensation layer 210 and the TCF compensa-
tion layer 270 may balance the TCFs of the second electrode
230, the piezoelectric layer 240, the first electrode 250, and
the membrane 260. For example, the TCF compensation lay-
ers may enable a TCF of the BAWR to be close to zero. For
example, the TCF compensation layers may compensate for
the TCFs of the electrodes, piezoelectric layers, membranes,
and the like, of the BAWR such that the BAWR has an overall
TCF of approximately zero.

In the example of FIG. 2, the TCF compensation layer 210
is disposed on the protective layer 220. As another example,
the TCF compensation layer 210 may be disposed below the
protective layer 220. Referring to FIG. 2, the TCF compen-
sation layer 270 is disposed below the membrane 260. How-
ever, the TCF compensation layer 270 may be disposed on the
membrane 260.

FIG. 3 illustrates another example of a BAWR.

Referring to FIG. 3, the BAWR includes a TCF compen-
sation layer 310, a second electrode 320, a piezoelectric layer
330, a first electrode 340, a membrane 350, and a TCF com-
pensation layer 360.

For example, the TCF compensation layer 310 and the TCF
compensation layer 360 may be formed of a carbon-based
material. As an example, the TCF compensation layer 310
may be formed of graphene, and the TCF compensation layer
360 may be formed of a graphene compound. The TCF com-
pensation layer 310 and the TCF compensation layer 360 may
compensate for TCFs of the second electrode 320, the piezo-
electric layer 330, the first electrode 340, and/or the mem-
brane 350. For example, at least one of the second electrode
320, the piezoelectric layer 330, and the first electrode 340
may be formed of a carbon-based material.

The TCF compensation layer 310 and the TCF compensa-
tion layer 360 may balance the TCFs of the second electrode
320, the piezoelectric layer 330, the first electrode 340, and
the membrane 350. For example, the TCF compensation lay-
ers may enable a TCF of the BAWR to be close to zero.

Although FIG. 3 illustrates that the TCF compensation
layer 310 is disposed on the second electrode 320, the TCF
compensation layer 310 may be disposed below the second
electrode 320. Although FIG. 3 illustrates that the TCF com-
pensation layer 360 is disposed below the membrane 350, the
TCF compensation layer 360 may be disposed on the mem-
brane 350 or may be on the first electrode 340.
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FIG. 4 illustrates another example of a BAWR.

Referring to FIG. 4, the BAWR includes a protective layer
410, a second electrode 420, a piezoelectric layer 430, a first
electrode 440, a TCF compensation layer 450, and a mem-
brane 460.

For example, the TCF compensation layer 450 may be
formed of a carbon-based material. For example, the TCF
compensation layer 450 may be formed of a graphene com-
pound. The TCF compensation layer 450 may compensate for
TCFs ofthe second electrode 420, the piezoelectric layer 430,
the first electrode 440, and/or the membrane 460. For
example, at least one of the second electrode 420, the piezo-
electric layer 430, and the first electrode 440 may be formed
of a carbon-based material.

The TCF compensation layer 450 may be included
between layers of materials that constitute the BAWR. As
another example, the TCF compensation layer 450 may be
formed to be in contact with the layers of a material that
constitutes the BAWR so as to be balanced with respect to the
TCFs of the protective layer 410, the second electrode 420,
the piezoelectric layer 430, the first electrode 440, and the
membrane 460. Accordingly, a TCF of the BAWR may be
close to zero.

Although FIG. 4 illustrates that the TCF compensation
layer 450 is disposed on the membrane 460, the TCF com-
pensation layer 450 may be disposed on or below the protec-
tive layer 410, disposed on or below the second electrode 420,
disposed on or below the piezoelectric layer 430, disposed on
or below the first electrode 440, or disposed below the mem-
brane 460.

FIG. 5 illustrates another example of a BAWR.

Referring to FIG. 5, the BAWR includes a TCF compen-
sation layer 510, a second electrode 520, a piezoelectric layer
530, a first electrode 540, a TCF compensation layer 550, and
a membrane 560.

For example, the TCF compensation layer 510 and the TCF
compensation layer 550 may be formed of a carbon-based
material. As an example, the TCF compensation layer 510
may be formed of CNT, and the TCF compensation layer 550
may be formed of graphene. The TCF compensation layer
510 and the TCF compensation layer 550 may compensate for
TCFs ofthe second electrode 520, the piezoelectric layer 530,
the first electrode 540, and/or the membrane 560. For
example, at least one of the second electrode 520, the piezo-
electric layer 530, and the first electrode 540 may be formed
of a carbon-based material.

The TCF compensation layer 510 and the TCF compensa-
tion layer 550 may balance the TCFs of the second electrode
520, the piezoelectric layer 530, the first electrode 540, and
the membrane 560 and thus, may enable a TCF ofthe BAWR
to be close to zero.

Although FIG. 5 illustrates that the TCF compensation
layer 510 is disposed on the second electrode 520, the TCF
compensation layer 510 may be disposed below the second
electrode 520. Although FIG. 5 illustrates that the TCF com-
pensation layer 550 is disposed on the membrane 560, the
TCF compensation layer 550 may be disposed below the
membrane 560, or may be disposed on the first electrode 540.

FIG. 6 illustrates another example of a BAWR.

Referring to FIG. 6, the BAWR includes a protective layer
610, a TCF compensation layer 620, a second electrode 630,
a piezoelectric layer 640, a first electrode 650, a membrane
660, and a TCF compensation layer 670.

For example, the TCF compensation layer 620 and the TCF
compensation layer 670 may be formed of a carbon-based
material. As an example, the TCF compensation layer 620
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may be formed of graphene, and the TCF compensation layer
670 may be formed of a CNT compound.

The TCF compensation layer 620 and the TCF compensa-
tion layer 670 may compensate for TCFs of the protective
layer 610, the second electrode 630, the piezoelectric layer
640, the first electrode 650, and/or the membrane 660. In this
example, at least one of the second electrode 630, the piezo-
electric layer 640, and the first electrode 650 may be formed
of a carbon-based material.

The TCF compensation layer 620 and the TCF compensa-
tion layer 670 may balance the TCFs of the second electrode
630, the piezoelectric layer 640, the first electrode 650, and
the membrane 660, and thus, may enable a TCF of the BAWR
to be close to zero.

Although FIG. 6 illustrates that the TCF compensation
layer 620 is disposed below the protective layer 610, the TCF
620 may be disposed on the protective layer 610. Although
FIG. 6 illustrates that the TCF compensation layer 670 is
disposed below the membrane 660, the TCF may be disposed
on the membrane 660.

FIG. 7 illustrates another example of a BAWR.

Referring to FIG. 7, the BAWR includes a protective layer
710, a TCF compensation layer 720, an insulating layer 730,
a second electrode 740, a piezoelectric layer 750, a first elec-
trode 760, a TCF compensation layer 770, and a membrane
780.

For example, the TCF compensation layer 720 and the TCF
compensation layer 770 may be formed of a carbon-based
material. As an example, the TCF compensation layer 720
may be formed of a graphene compound, and the TCF com-
pensation layer 770 may be formed of a CNT compound.

When the TCF compensation layer 720 has an electrical
characteristic of a conductor due to an applied RF signal, the
TCF compensation layer 720 may affect the second electrode
740 when the TCF compensation layer 720. In this example,
the insulating layer 730 is disposed between the second elec-
trode 740 and the TCF compensation layer 720, so as to
separate electrical characteristics of the second electrode 740
and the TCF compensation layer 720. The insulating layer
730 may be formed ofa silicon oxide-based material, a silicon
nitride-based material, an aluminum nitride-based material,
and the like.

The TCF compensation layer 720 and the TCF compensa-
tion layer 770 may compensate for TCFs of the protective
layer 710, the second electrode 740, the piezoelectric layer
750, the first electrode 760, and/or the membrane 780. In this
example, at least one of the second electrode 740, the piezo-
electric layer 750, and the first electrode 760 may be formed
of a carbon-based material.

The TCF compensation layer 720 and the TCF compensa-
tion layer 770 may balance the TCFs of the second electrode
740, the piezoelectric layer 750, the first electrode 760, and
the membrane 780, and thus, may enable a TCF of the BAWR
to be close to zero.

Although FIG. 7 illustrates that the TCF compensation
layer 720 is disposed below the protective layer 710, the TCF
compensation layer 720 may be disposed on the protective
layer 710. Although FIG. 7 illustrates that the TCF compen-
sation layer 770 is disposed on the membrane 780, the TCF
compensation layer 770 may be disposed below the mem-
brane 780.

FIG. 8 illustrates another example of a BAWR.

Referring to FIG. 8, the BAWR includes a protective layer
810, a TCF compensation layer 820, a second electrode 830,
a piezoelectric layer 840, a first electrode 850, an insulating
layer 860, a TCF compensation layer 870, and a membrane
880.
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For example, the TCF compensation layer 820 and the TCF
compensation layer 870 may be formed of a carbon-based
material. As an example, the TCF compensation layer 820
may be formed of graphene, and the TCF compensation layer
870 may be formed of CNT. The TCF compensation layer 820
and the TCF compensation layer 870 may compensate for
TCFs ofthe second electrode 830, the piezoelectric layer 840,
the first electrode 850, and/or the membrane 880. In this
example, at least one of the second electrode 830, the piezo-
electric layer 840, and the first electrode 850 may be formed
of a carbon-based material.

The TCF compensation layer 820 and the TCF compensa-
tion layer 870 may balance the TCFs of the second electrode
830, the piezoelectric layer 840, the first electrode 850, and
the membrane 880 and thus, may enable a TCF ofthe BAWR
to be close to zero.

The TCF compensation layer 870 may affect the first elec-
trode 850 when the TCF compensation layer 870 has an
electrical characteristic of a conductor. Accordingly, the insu-
lating layer 860 may be disposed between the first electrode
850 and the TCF compensation layer 870, and may separate
electrical characteristics of the first electrode 850 and the TCF
compensation layer 870. The insulating layer 860 may be
formed of a silicon oxide-based material, a silicon nitride
based material, and AIN-based material.

Although FIG. 8 illustrates that the TCF compensation
layer 820 is disposed below the protective layer 810, the TCF
compensation layer 820 may be disposed on the protective
layer 810. Although FIG. 8 illustrates that the TCF compen-
sation layer 870 is disposed on the membrane 880, the TCF
compensation layer 870 may be disposed below the mem-
brane 880.

FIG. 9 illustrates another example of a BAWR.

Referring to FIG. 9, the BAWR includes a protective layer
910, a TCF compensation layer 920, a second electrode 930,
a piezoelectric layer 940, a first electrode 950, a TCF com-
pensation layer 960, and a membrane 970.

For example, the TCF compensation layer 920 and the TCF
compensation layer 960 may be formed of a carbon-based
material. As an example, the TCF compensation layer 920
may be formed of graphene, and the TCF compensation layer
960 may be formed of a CNT compound. The TCF compen-
sation layer 920 and the TCF compensation layer 960 may
compensate for TCFs of the protective layer 910, the second
electrode 930, the piezoelectric layer 940, the first electrode
950, and/or the membrane 970. In this example, at least one of
the second electrode 930, the piezoelectric layer 940, and the
first electrode 950 may be formed of a carbon-based material.

The TCF compensation layer 920 and the TCF compensa-
tion layer 960 may balance the TCFs of the second electrode
930, the piezoelectric layer 940, the first electrode 950, and
the membrane 970, and thus, may enable a TCF of the BAWR
to be close to zero.

Although FIG. 9 illustrates that the TCF compensation
layer 920 is disposed below the protective layer 910, the TCF
compensation layer 920 may be disposed on the protective
layer 910. Although FIG. 9 illustrates that the TCF compen-
sation layer 960 is disposed on the membrane 970, the TCF
compensation layer 960 may be disposed below the mem-
brane 970.

FIG. 10 illustrates a cross-sectional view of an example of
an RF device including a BAWR.

Referring to FIG. 10, the RF device includes a first BAWR
1011, a second BAWR 1013, a first substrate 1060, a second
substrate 1050, a via-hole 1041, and a via-hole 1043.
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The RF device including the first BAWR 1011 and the
second BAWR 1013, ma operate as a filter, an oscillator, a
duplexer, a transmitter, a receiver, and the like.

The first BAWR 1011 includes a first lower portion elec-
trode, a first piezoelectric layer, and a first upper portion
electrode, which are layered on a first air cavity 1021. For
example, the first air cavity 1021 may be disposed on the first
substrate 1060. In various aspects, at least one of the first
lower portion electrode, the first piezoelectric layer, and the
first upper portion electrode may be formed ofa carbon-based
material. The carbon-based material may include at least one
of CNT, graphene, a CNT compound, and a graphene com-
pound, and the like. The graphene may be used as a single
layer or a multi-layer.

As an example, the first lower portion electrode and the first
upper portion electrode may be formed of graphene, and the
first piezoelectric layer may be formed of ZnO, AIN, quartz,
and the like.

The second BAWR 1013 includes a second lower portion
electrode, a second piezoelectric layer, and a second upper
portion electrode, which are layered on a second air cavity
1023. The second air cavity 1023 may be disposed on the first
substrate 1060. In various aspects, at least one of the second
lower portion electrode, the second piezoelectric layer, and
the second upper portion electrode may be formed of a car-
bon-based material.

A via-hole 1041 and a via-hole 1043 may be formed on the
first substrate 1060. The via-hole 1041 may penetrate the first
substrate 1060 and may become a path through which the first
lower portion electrode is connected to an external electrode.
A protective layer 1071 may be layered below the via-hole
1041 and the first substrate 1060. The protective layer 1071
may protect the first substrate 1060 during a process of gen-
erating the via-hole 1041. The first lower portion electrode
may be connected to the external electrode through a package
electrode 1031 layered on the protective layer 1071.

The via-hole 1043 may penetrate the first substrate 1060
and may become a path through which the second lower
portion electrode is connected to an external electrode. The
protective layer 1071 may be layered below the via-hole 1043
and the first substrate 1060. The protective layer 1071 may
protect the first substrate 1060 during a process of generating
the via-hole 1043. The second lower portion electrode may be
connected to the external electrode through a package elec-
trode 1033 layered on the protective layer 1071. For example,
the package electrode 1031 and the package electrode 1033
may be formed of a carbon-based material.

The second substrate 1050 may include an air cavity
formed on a predetermined area of a lower surface of the
second substrate 1050. In this example, the air cavity of the
second substrate 1050 is large enough such that the first
BAWR 1011 and the second BAWR 1013 may be received
therein. The second substrate 1050 may be in a contact with
the first substrate 1060 using a bonding metal 1051 and a
bonding metal 1053.

FIG. 11 illustrates a cross-sectional view of another
example of an RF device including a BAWR.

Referring to FIG. 11, the RF device includes a first BAWR
1111, a second BAWR 1113, a first substrate 1160, a second
substrate 1150, a via-hole 1141, and a via-hole 1143. For
example, the RF device may operate as a component of a
wireless communication device using the first BAWR 1111
and the second BAWR 1113.

The first BAWR 1111 includes a first lower portion elec-
trode, a first piezoelectric layer, and a first upper portion
electrode, which are layered on a first air cavity 1121. The first
air cavity 1121 may be disposed on the first substrate 1160. In
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various aspects, at least one of the first lower portion elec-
trode, the first piezoelectric layer, and the first upper portion
electrode may be formed of a carbon-based material. For
example, the carbon-based material may include at least one
of CNT, graphene, a CN'T compound, a graphene compound,
and the like. The graphene may be used as a single layer ora
multi-layer.

As an example, the first lower portion electrode and the first
upper portion electrode may be formed of CNT, and the first
piezoelectric layer may be formed of ZnO, AIN, quartz, and
the like.

The second BAWR 1113 includes a second lower portion
electrode, a second piezoelectric layer, and a second upper
portion electrode, which are layered on a second air cavity
1123. The second air cavity 1123 is disposed on the first
substrate 1160. In various aspects, at least one of the second
lower portion electrode, the second piezoelectric layer, and
the second upper portion electrode may be formed of a car-
bon-based material.

A via-hole 1141 and a via-hole 1143 are formed on prede-
termined areas of the first substrate 1160, respectively. Here,
the first substrate 1160 may be a substrate that has a high
resistance characteristic.

The via-hole 1141 may penetrate the first substrate 1160
and may become a path through which the first lower portion
electrode is connected to an external electrode. A protective
layer may not be layered in an example in which the first
substrate 1160 has a high resistance characteristic, because
the first substrate 1160 may not be damaged during a process
of generating the via-hole 1141. The first lower portion elec-
trode may be connected to an external electrode through a
package electrode 1131 layered on a conductive layer.

The via-hole 1143 may penetrate the first substrate 1160
and may become a path through which the second lower
portion electrode is connected to an external electrode.
Because the first substrate 1160 has a high resistance charac-
teristic, the second lower portion may be connected to the
external electrode through a package electrode 1133 layered
on a conductive layer.

In this example, a protective layer 1171 and a protective
layer 1173 are layered below the conductive layers, respec-
tively, so as to protect the conductive layers from an external
environment. For example, the protective layer 1171 and the
protective layer 1173 may be formed of a carbon-based mate-
rial. Also, the package electrode 1131 and the package elec-
trode 1133 may be formed of a carbon-based material.

The second substrate 1150 includes an air cavity formed on
alower surface of the second substrate 1150. The air cavity of
the second substrate 1150 is large enough such that the first
BAWR 1111 and the second BAWR 1113 may be received
therein. The second substrate 1150 may be in a contact with
the first substrate 1060 using a bonding metal 1151 and a
bonding metal 1153, the second substrate 1150 being in a
state of a wafer.

In various aspects, a BAWR includes an electrode which is
formed of a carbon-based material and thus, energy loss of an
RF device, a heat characteristic, and a quality factor of the
BAWR may be improved.

In various aspects, a BAWR includes a piezoelectric layer
or a TCF compensation layer which is formed of a carbon-
based material, and thus, a size of the BAWR may be reduced
and a heat characteristic may be improved.

In various aspects, a thickness of an electrode may be
reduced through use of a carbon-based material and may
improve an accuracy of patterning of an electrode, and thus,
development of a nano sized resonator is possible.



US 9,246,468 B2

13

If a resonator includes a capacitor that has a dielectric
substance and that is inserted between electrodes, an accuracy
of capacitance measured may increase, and thus, a character-
istic of an RF filter including a plurality of BAWRs may be
improved.

A process margin may be increased as an accuracy of a
process is increased, and thus, a number of BAWRs yielded
through a manufacturing process may be improved.

As a non-exhaustive illustration only, a terminal/device/
unit described herein may refer to mobile devices such as a
cellular phone, a personal digital assistant (PDA), a digital
camera, a portable game console, and an MP3 player, a por-
table/personal multimedia player (PMP), a handheld e-book,
a portable laptop PC, a global positioning system (GPS)
navigation, a tablet, a sensor, and devices such as a desktop
PC, a high definition television (HDTV), an optical disc
player, a setup box, a home appliance, and the like that are
capable of wireless communication or network communica-
tion consistent with that which is disclosed herein.

A computing system or a computer may include a micro-
processor that is electrically connected with a bus, a user
interface, and a memory controller. It may further include a
flash memory device. The flash memory device may store
N-bit data via the memory controller. The N-bit data is pro-
cessed or will be processed by the microprocessor and N may
be 1 or an integer greater than 1. Where the computing system
or computer is a mobile apparatus, a battery may be addition-
ally provided to supply operation voltage of the computing
system or computer. It will be apparent to those of ordinary
skill in the art that the computing system or computer may
further include an application chipset, a camera image pro-
cessor (CIS), a mobile Dynamic Random Access Memory
(DRAM), and the like. The memory controller and the flash
memory device may constitute a solid state drive/disk (SSD)
that uses a non-volatile memory to store data.

A number of examples have been described above. Never-
theless, it should be understood that various modifications
may be made. For example, suitable results may be achieved
if the described techniques are performed in a different order
and/or if components in a described system, architecture,
device, or circuit are combined in a different manner and/or
replaced or supplemented by other components or their
equivalents. Accordingly, other implementations are within
the scope of the following claims.

What is claimed is:

1. A bulk acoustic wave resonator (BAWR), comprising:

a membrane disposed on an air cavity;

a first electrode disposed on the membrane;

a piezoelectric layer disposed on the first electrode;

a second electrode disposed on the piezoelectric layer,

wherein at least one of the first electrode, the piezoelectric

layer, and the second electrode comprises a carbon-
based material, and the air cavity is formed on an upper
surface of a substrate; and
a temperature coefficient of frequency (TCF) compensa-
tion layer to compensate for a TCF of the first electrode,
the piezoelectric layer, and the second electrode,

wherein the TCF compensation layer comprises a carbon-
based material.

2. The BAWR of claim 1, wherein the carbon-based mate-
rial comprises a carbon nano tube (CNT), a CNT compound,
graphene, and a graphene compound.

3. The BAWR of claim 2, wherein the graphene is disposed
as a single layer or a multi-layer.
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4. The BAWR of claim 1, further comprising:

a protective layer that is disposed on the second electrode
to protect the second electrode from an external envi-
ronment.

5. The BAWR of claim 1, wherein the TCF compensation
layer is disposed below the membrane or on the second elec-
trode.

6. The BAWR of claim 1, wherein the TCF compensation
layer is disposed between the first electrode and the mem-
brane.

7. The BAWR of claim 1, further comprising:

an insulating layer that is disposed between the first elec-
trode and the TCF compensation layer to separate elec-
trical characteristics of the first electrode and the TCF
compensation layer.

8. The BAWR of claim 1, further comprising:

an insulating layer that is disposed between the second
electrode and the TCF compensation layer to separate
electrical characteristics of the second electrode and the
TCF compensation layer.

9. The BAWR of claim 4, further comprising:

a TCF compensation layer to compensate for a TCF ofthe
first electrode, the piezoelectric layer, and the second
electrode,

wherein the TCF compensation layer comprises a carbon-
based material and is disposed on or below the protective
layer.

10. A radio frequency (RF) device including a bulk acous-

tic wave resonator (BAWR), the RF device comprising:

a first substrate;

a first BAWR comprising a first air cavity formed on the
first substrate, and a first lower portion electrode, a first
piezoelectric layer, and a first upper portion electrode
which are layered on the first air cavity;

a second BAWR comprising a second air cavity formed on
the first substrate, and a second lower portion electrode,
a second piezoelectric layer, and a second upper portion
electrode which are layered on the second air cavity,

wherein at least one of the first lower portion electrode, the
first piezoelectric layer, the first upper portion electrode,
the second lower portion electrode, the second piezo-
electric layer, and the second upper portion electrode
comprises a carbon-based material wherein the first air
cavity and the second air cavity are formed on an upper
surface of the first substrate;

a protective layer layered below the via-holes and the first
substrate; and

a package electrode layered below the protective layer.

11. The RF device of claim 10, wherein the carbon-based
material comprises a carbon nano tube (CNT), a CNT com-
pound, graphene, and a graphene compound.

12. The RF device of claim 10, further comprising:

a second substrate comprising an air cavity formed on a
predetermined area of a lower surface and connected to
the first substrate.

13. The RF device of claim 10, wherein the package elec-
trode comprises at least one of a CNT, a CNT compound,
graphene, and a graphene compound.

14. The RF device of claim 10, further comprising:

via-holes formed at locations on the first substrate, the
locations corresponding to a predetermined area of the
first lower portion electrode and a predetermined area of
the second upper portion electrode.

15. The RF device of claim 10, further comprising:

a package electrode layered below the via-holes and the
first substrate, wherein the first substrate has a high
resistance characteristic; and

a protective layer layered below the package electrode.
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16. The RF device of claim 15, wherein the protective layer
comprises at least one of a carbon nano tube (CNT), a CNT
compound, graphene, and a graphene compound.

17. A bulk acoustic wave resonator (BAWR), comprising:

a first electrode and a second electrode;

a piezoelectric oscillation layer operably coupled to both

the first and second electrodes; and

a temperature coefficient of frequency (TCF) compensa-

tion layer to compensate for a TCF of the first electrode,
the piezoelectric oscillation layer, and the second elec-
trode,

wherein the TCF compensation layer, the first electrode,

the piezoelectric oscillation layer, and the second elec-
trode comprises a carbon-based material.

18. The BAWR of claim 17 wherein the TCF compensation
layer compensates for a combined TCF of the first electrode,
the piezoelectric layer, and the second electrode to have a
substantially zero TCF.

19. The BAWR of claim 17 wherein the first electrode and
the second electrode extend in interleaved manner in oppos-
ing directions from respectively corresponding via holes dis-
posed through a substrate.
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